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A FURTHER INVESTIGATION OF.THE METEOROLOGICAL R
CONDITIONS CONDUCIVE TO ATRCRAFT ICING

By Williem Lewis,® Dwight B. Kline,”
and Charles P, Steinmetz

SUMMARY

Meteorological dabte froem flight cobservetions in icing .condi—~
tions during the winter of 1946-47 are presented, Data on liquid
water content, temperature, and mesan-effectivs drop dlamster are
shown to be cor-sistent with values previously proposed for maximum
lcing conditions. Date on drop-size distribution as obtained by
the roteting—cylinder method, although consistent with measurements
Dreviously made, were found 4o be inconsistent with date on drop-
size distribution derived from the ratio of the maximum diameter
to the mesen—offective diameter when the maximum diameter was
calculated from the area of lmpingement on & stationary cylindey,
The relation between temperature and meximym liguid water content
in layer clouds is dlscussed and estimates are glven for the
highest values of water content to be expected. in la.yer clouds at
various temperatures., :

INIRODUCTION

Over & period of several years, the NACA has conducted resesrch
on the prevention of ice formations on aircrafit through the use of
heat, The presept phase of this research is intended to provide a
fundamental urderstanding of the process of thermal ice prevention and
thereby promote mprovement in the design of thermal 1ce—prevent10n

e, Lawie, U.S. Weather Bureau, has been assignefl to work in
collaboration with the staff of the Ames Aeronautical Ia.'bora:bory
Ot "'bhe ‘NACA icing research Program, = Tt nTees--es

2y, Kline, U.S. Weather Bureau, has been a.ssigned. to the Flight
Propulsion Research Laboratory, clevelapd, a.lso in GOnnection
- -with the! NACA icing research px'ogra.m Ry . a
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equipment, The meteorologic'al results of the investigation, up to
and including the 1945-46 winter seascny have been presented in
reference 1. The present report, which may be regarded as &
supplement to reference 1, presents the results of additionel
flight measurements made during the winter of 1946-47. These date
include results of flight observations with the XB-2iM and XB-£5E
alrplanes .operated by the Flight Propulsion Research Laboratory at
Cleveland, as well as the C~U6 airplane opsyrated by the Ames
Leronautical Laboratory, Moffeit Fleld, Calif.

Apprecistion for coopsration in this investigatlion is extended
to United Air Lines, Inc,, the U,S. Weathsr Bureau, and ths Alr
Materiel Command of the Army Air Forces. In particular, Major
James Murray, Air Materiel Command, and Mr, Lyle Reynolds, United
Alr Lines, who were pllot and copilot » respectively, of the
C~46 airplane, contributed meterially to the research program.

APPARATUS AFD METHOD

. The equipment and test methods emplo‘yed: in the -research of this

‘report were ldentical to those descrilbed in refersnce 1 with the
* excepbion of a few.changes dimcussed In the following paragraphs.

Rotating-Cylinder Maasurements

" The values of liquid water content and mean—sffective drop
dlameter® presented hersin were all calculasted fram the amounts
of ice collected on four rotating cylinders, 1/8, 1/2, 1-1/4%, end
3 inches in diameter, The assembly used on the 0—1(-6 alrplans is
shown in figure 1. 4 'similar apparatus was used by the Flight

Propp.lsion Reseaych Laboratory.

Previous calculations of ligquid water content and mean—
effective dlamster fram rotating-cylinder dote obtuined in flight

“"have been based uwpon the true airspeed of the cirplene. . (See
““Yeferences 1 snd 2.) This procedure involves the tacit assumption

that the local velocity at the point where the cylinders ere
‘oxposed is equal to the true alrspeed of the alrplane, In order

%o check the validity of this assumption for the  installation

8Defined in the appendix of reference 1l as the volums median
dianfster having the praperty-that there is as much water in the
drops larger than the wolnpme median diamaber as 'bhere is in
drops smaller than the:-volumg med.ian diameter. .

et hewe 0 Tia G BTN . oAbhme bebee o presiptpmybaupy s SN L
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on the C~k6 airplene, the local velocities at the points of exposure

of the cylinders were msasured for a range of airspeeds. It was

found that the local velocity was approximately 12 percent higher

than the true airspeed over the entire reglon in which the oylinders T
were exposed. The values of mean-effective diamster end liguid

water content presented in this report, calculated from observations

on the C-46 airplane, are based upon the local velocity. The dath

". presented hersin from the Flight Propulsion Research Iaboratory are

- based on true alrspeed, since locel velocity data weye not available

‘for those installations.

Ares of Drop~Impingement Measurements

The apparatus for the measurement of the area of drop impinge—
ment as used on the C-U6 airplane is shown in figure 2. This device
consists of a cylinder % inches in diameter on which the angle from
the stagnation point was merked in intervals of 10°. A means was
provided for removing the ice accretion by roteting ths cylinder
ageinst & scraper which was mounted directly behind the cylinder.
The angle between the aft edge of the ice formations and ‘the °
cylinder stagnation point-wes read visually to the nearest 5 .

The ice formation was not allowed to hecome lerge enough o aignifi—-
cantly modify the eirculer cross section of the cylinder.

Icing Rate Meter

An icing rate meter of the rotating disk type was used on the
airplanes operated by the Flight Propulsion Reseatch Laboratory.
This instrument wss similar in principle to the one described in
reference 2. Data from this irstrument are presented as icing rate
in inches per hour collected on the sdge of the disk, The dats are
not presented in terms-of liquid water content, since the density
of the ice and the collection efficiency of the disk are not known
with sufficlent accuracy.

RESULTS AMD DISCUSSION

The date from the 1946-4T observations have been preparecd
in 8 form similar to that used For presemtation in reference 1.
Tables I and IT present & svmmery of the data for both laboratories
for all flights during which icing conditions were measursd.
Figure 3 presents the relation between liguid water content and
meen—offective drop dismeter and figure 4 shows liguid water content
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as & fm:mtion of free-air temperature., The curves denoting intensity
of icing in figure 3 represent the reto. of ice accretion on a 3~inch
dlameter cylindey at 200 miles per hour ‘ag specified by the

U.S. Weather Bureau for reporting icing intensi'by from mountain-top
observation stations,

All of the values of liguid water content and mean-effective
drop diameter listed in tables I and II are within the rango of
values observed during the previous season except the largest value
of drop size from fiight T72. In this case the collection efficlency
was the same, within the limits of errors of measurement, for oach
of the four cylinders, This coyxresponds to a veluye of mean-—
offective dlameter of at least 150 microns. The liquid water
content was 0.0% gram psr cubic meter in this case,

. Toing Comditions in Altostratus Clouds

-In contrast to the expexience of the 1945-U6 geason in which
nearly all of. the. altostratus clouds observed wore composed of ice
crystals, a largo altostratus cloud system composed mostly of wator
drops was ‘encountered on flight 102 in the zone of convergence ahead
of & low-pressurs arca. Thig cloud was formed in tropical marine
eir over Louisians et & temperature only slightly below freezing.
Altostratus clouds contalning water drops were also encountered
during four flights by the Flight Propulsion Rescarch Laboratory.
Three of thosv were Just outside cyclonic preclpitation areess and
the fourth was ahead of & cold front. A mors thorough investiga—
tion' of the structure of clouds hssoclated with fronts and low-
pressure gystems will be regquired to determine the most probable
location and extont of leing conditions in such cloud systeme.

The following summsry of the lcing characteristics of alto-
stratus clouds as camparsd with stratocumulus clouds in the same
general evea has been prepared from data obtalned by the Flight
Propulsion Rescarch Laboratory.
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Cloud type Altoastratus Stratocumilus !
Number of runs 9 )
averagel  0.19 ) 0.21.
Liguid water contentimsdian i .18 .18
: range .12 to .30 .06 to .50
average 18 microns 13 microns
Msdro Eg‘z:;:%:g medien ; 18 microms 12 microns
i range : 12 to 2% microns|7 to 36 microns
average 8° p 120
Temperature medien 19° § 15°
' rangs 10 to 239 ¢ <11 to 28° F

Although insufficient date &re presented here to pexmit definlte
conclusions to be drawn, it is noted that there ls & tendsncy for

eltostratus cloude to have larger drops and more uniform condi'bions

than stratocumlus clouds.

Re—-examination of Previously Proposed
Design Conditions

Tontative estimates of the most severs icing conditions likely
to be encountered in the cowrse of all-weather transport operations

in the United States wore presented in reference 1 to serve as a
guide in the design of ice—prevention equipment
which were based on date obtained during the 1:45-46 season and
before are glven below:

These estlmates,

i Liquid
Duration | Mean—effective ,
Cloud t i
oud type {at 160 mph) H c;::;t drop diameter Temperature
Cummilus 1 minute 2.0 gn/w®| 20 microns ~ @F
Stratus or 20 minutes
stratocumulus| or longer 0.8 gn/u®! 15 microms 20°F |
Stratus or 20 minutes s :
stratooumilus| or longer | ‘7 gn/m>| 25 microns 20° ¥ i
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. Tt ic seen from ap examination of the data in figure 3 that
these maximum icing conditions were not equaled or exceaded dvring
the 1946-U7 observations. The genexal rangs and frequency of
values of liguid water content and mean-effective diameter in layer
clovds are very eimilar to the results from the provious season,
Only & small smount of date were taken in. cumulus clouds in 19k6-k7,
These observations all fall within the range established by the
1945-46 obssrvations for cumulus clouds.

The Relation Between Maxirum Liquid Water Content
and Temperature in-Laysr. Clouds

It was pointed .out in refersnce L.that insufficlent dute were
available from layer clouds at low temperatures to provide the
basis for an estimate of the relation botwsin temperature and
maximum liguid water content in layer—type clouds. Th: data
‘presented herein, while atill rather acanty, includs observations
from 12 flights in layer clouds st temperatures of 10° F or lowor
and two flights below ~10° F. Thess are bslioved to provide a
gufficient basis for & tentetive sstimate of maximu: liguid water
content as & function of tumperature in laysr clouds.

It was suggested in referenco 3 that the maximum liguid water
coptent likely %o occur in stratus clouds is tho amount that would
be produced by adlebatic 1ifting through an interval of 3000 fsot -
above the condsneation lov:i-l., Subsequent cxperisnce, and improvid
methods of measuring liquid water content indicate that tho actual
water content is generally substantially luss than tho thooretical
value, The éstimate of 3000 feub as the moximum thicknees of a
continuous stratocurmlus or stratus layur appvers to be approxi-
mately correct, In figurc k, curve A reprosonts onc-half of tho
liguid water contont which would be obtained by adiabatic lifting
through & pressure altitude interval of 3000 feet from the condsnsa—
tion level, This curve falls very closo to the points rspresonting
the highest obscrved velues of liguid water oontent in layer-type
clouds, Since it is remsonable to expect that 2 larger sample of
date would include higher values of water content, the curve B
(fig. 4), which reprosents two-thirds of thg liquid water content
produced by adiabatic 1ifting through 3000 fevt, is proposcd as an
estimate of the highest values of liguld water content to be
expected in layer clouds, This.curve indicatss a maximum liguid
water content of 0.8 gram per cubic meter at 20° F which is in
agreement with the sstimate given in referencc L. The maximum
liguid water content for lower temporaturss is 0.5 gram por cublc
- meter at O° F and.0.25 gram psr cuhic moter at —20° F.
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Typical Icirg Conditione

Estimates of the most severe icing conditlons likely to be
encountercd in the course of all.weather transport operntions in
the United States hove been presented in the foregoing Sectlon.
Deta on typical or average icing conditions and on the relative
Prequency of varilous values of liguid water content and drop size
aye also of interest.

The highest values of liguld water content measured during each
of 21 flights in cumlus clouds caf. 51 flights in layer—type clouds
ars presented in figurs 5 in the form of oglves (cumulative frequency
curves, reference ), These curves include data from the Ames
Aeroncutical Isboratory for 1ok5-46 and 1946-LT7 and from the Flight
- Propulsion Research Laboratory for igh&-L7, The median value of
- maximum liquid water conmtent per flight. is 0.76 gram per cubic meter
for cumulus clouds and 0.28 gram per cubic meter for layer clouds.
These values approximete those given in vefersnce 1 for typlcal
icing conditions. I% is also noted from Tigure 5 that 90 percent
of the flights in cumlus clouds encountered less than 1.2 grams
per cublc meter and S0 percent of the flights In layor clouds
encountered less than 0.5 gra.m per cublic meter,

Ogives -_g:_l.ot'bed. from observations of mean-cffective diamster -
and waximum diometer made during the 1946-UT seceon are presented
in figure 6, It 1s noted that 50 percent of the observations of
msan-.effective dlemeter fall in the relatively nerrow range from
11.2 to 16.2 microns, and 90 percent are less than 22 microns.
Fifty percent of the observations of meximum diamster are betwsen
12.6 and 20 microns and 90 psrcent are below 28 microns.

These distribution curves indicate that the lcing conditions
most commonly encountered. are much lesa severe than the ‘eatimated
maximum conditions., Thus, if it werc assumed that most cumulus
clouds and the most severe 10 percent of ieing condlitions in layer-
clouds could be avolded by proper meteorological mavigation, 1t
would only be necessary to protect egeinst 0.5 gram per cubic mester
et 13 microns or 0.3 gram per cubic meter at 20 microns. The extent
to which meteorologlical navigatlon cen be relied upon, however, cen
only be determined by an extensive study of the distribution of
icing conditions in verious weather situations and an amalysis of
alr traffic control procedures.
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Maxivum Drop S;lzé and Drop-.-Siz-e Distribution

In the analysis of the test data.the fact was noted thaet, in
nany ceses » the moximm drop diameter es cilculated from the area
-of impingement on the fixed cylinder was equal to or only slightly
excesded the corresponding mean-effective diameter celculated from
the rotating-cylinder data.” In a fow cases the indiceted moximum
diameter was less than.the indicated mean—effective diameter., This
would indicate that in a majority of cases the size distridution was
fairly uniform. The size distribution obtained by the rotating-
¢ylinder method, on the other hand, frequently indicated broad
distributlions in oeses where the comparison of the mean and the
. maximum dlameters indicated wniforw drop size. In order to check
the consistency of these two methods: of measuring drop-size
distribution, they were expresesed in terms of a common scale. To
do this the assumption wes made that the value of drop dimmeter
contributing 10 percent of the water content in the dssumed size
digtributions B, 0, D, and ¥ (reference 2) corresponds to-+tho valne
of maximum drop diameter dorived from the area of impingement on
the statlonary cylinder. On the basis of this assumption, the zatio
‘of the maximum dlameter as measured by the area of impingomsnt method
to the mean—effective dismeter es measured by the rotating~cylinder
method was nsed to define o scale of size distributions as follows:

Size distribution designation Maximum diameter .-
(dofined in Feference 2) mean—effoctive diameter

below 1.16 *
21,17 to 1.l
. 1.%2 to 1.62
v 1.63 to 1.87
o " 1,88 and over

HBHUayr

A compa.rison of-the drop-size d.istri’bution o'bta.ined by the dwo
methods is shown in the following frequency table:
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) Numbor of observations )
Size distribution determined Dy the T&Lio of |
maximm diemeter to mean-effective. diameter

gy A l B c D| T | Total
b’% R — —_— —
< = A 21 | 10 1 b -3l
§ g B3| 6 3 {11} 1- 1k
S o .
E ﬁ _0 8 i 0 1 2 15
53 p | b L | o 0 0 8
3 & § E | 8 L 2 5 2 21
3 D 4 | = e o - -
A% 8 | roter|ty | 28 6 | 8 6 92

It is seen from the foregolng freguency table that the data on
drop-uize distribution detsrmined by the ratio of moxtrwm dismeter
. to mean—effective dlameter indicate a preponderance of fairly uniform
drop—slze dlstributions; wherens the data on drop-size distribubtion
obteined from the rotating-cylinder method indicate o larger number
of very nonmuniform distributions. .

The correletion coefficient showing the degree of agreement
botween the results of the two methods of measuring size distribution
was computed from the foregoing table by Pearson's product moment
formule (reference 4) and found to be 0,19, This low correlation
between the results by the two methods indicates that ons or both
methods must be regarded as unreliable and that therefore the informa—
tion presented herein on drop-size distribution must, at present, be
regarded with some skepticism. The values of mea.n—effec'bive dicma'ber
presented arec nevertheless regerded es being falrly accurcte,

. An iospection of the date in the frequoncy table shows that tho
agrsement in drop-size distribution would not be materielly improved
by a modification ¢of the assumption used to roduce the data to a
common scale. For example, if the scale had been chosen to give
VE" distribution for a larger fraction of the maximum drop-size
data, the improved agreement in the lower portlon of the tablc
would be offset by corrszeponding. changes in the upper portion.

. One poseible explandtion for thilg discrepency in the detormina—
. “tion of drop-size distribution lies In the offect of the acceleration

in the flow of air around the fuselage in locally modifying the water

content, drop-—size dlstribution, and velocity at the polnts where -
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the rotating cylinders are exposed. Since the 1/8-inch cylinder

is exposed nearly twice as far from the alde of the fuselage as the
3-inch cylinder, it would appeer that the locel effects might apply
variously to the different cylinders, thus giving rlse to e false
relationchin betwoen cylinder diameter and relative collection
efficiency. Only s small chenge in the curvature of the line
defining this relationship is sufficient to produce a significant
change in the indicated drop-size distribution. This eifect could
be meesured by the exposure of four rotating. cylinders of equal
diemsters at positions normelly occupied by the rotating cylinders,
Any differences in the amounta of ice collected would be due to the
local acceleration effects Just mentioned.

_ Another possible explenstion of the discrspancy is the
possibllity that flow around the ends of the statlionary cylinder
cauged the observed width of the arsa of impingement to be less
than would occur on & cylinder of infinite longth, This effect is
believed to be unimportant, however, since the edges of the ilce
formations were observed to be straight and parallel to the axis
of the cylinder, ' '

The frequency of various values of maximum drop diemster are
presented in figury 6. It is seen from this curve that the maximum
diameter was less than 20 microns in 75 percent of observations and
loss than 30 microns In Q3 percent. In a comparison of the two
curves of figure 6, it should be remembered that the curve for
maximum dismeter ie based upon & much smaller sample of data than
the curve for mean-effective diameter.

A Further Check of the Icing Intensity Scale Proposed
in Referdnce 1 for Forecasting Purposes

It was pointed out in reference 1 that, while fairly reliable
estimates of the liguid water comtent in clouds can be mads, the
gize of the drops remeins unpredictable. For this reagon, a scale
of icing intensity based upon liguid water content alonv was
proposed as an aid in the preperstion of icing forecasts. This
scale was found to agree with the icing intwnelty scale used by
the Weather Buresu in 78 percemt of the 194546 observations. The
1946-L47 observations have been used to check the general vallddty
of the proposed scale, since thege data are independent of those
used to define the scale. The following table presents the 1O46-KT
data in the same form used in reference 1 for the 1914-5—-#6 ‘data.,
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. Renge of ' . Number of observed cases of icing of |

o ]

: Cloud type . water - v&rioxwgg_;;g;gg_s______
: content ! Altemate Weather Bureau scale cf 1cing
; ; | scale of ! inteneity
' ;. i icing ' i ‘ 1

I : m’censity ! Trace Light Moderate JHeavy
) i 0~0.11 ; Trace E I §- 0 o
' Layer i~ 0.12-0.68 i Light =~ ! 2 P19 2 1 o .
! clouds i 0.69-1.33 -Moderate } ! o . 0 ) !,
i over 1.33 ! Heavy .. 0 -0 ’ o ‘% 0‘ :
N 0-0,07 |Trace |. 0 ! o.! 0. -} 0]
| Cumulus 1 0.08-0.k9 | Lignt } 3 P13 0 . 0
| clouds ;- 0.50-1.00 :} Moderate-i . 0 i 2 -1 3 . 1 0 |
[ . over 1.00 | Heavy o; o i o .] o

This table shows agreemont in 76 percent of the obssrvations.
The alternate scale indicetes icing intensity ome degree higher in =~ ~
18 percent of the cases and one degvee lower in 6 percemt. The corre—
sponding figures for the 194546 data were T8 psrcent, 17 percent and
5 percent, respectively. Thus, the agreement is nearly as good for
the independent data, which 1nair~ate in general, that approximately
this degree of agreement can be oxpec’ced.. )

CONCLUDING REMARES

In addition to verifying the specifications of maximm Icing
conditions proposed previously. the date presentod herein have been
used to define the relation between tempsrature end maximum liquid
water content in layer—type clouds as Follows:

Tesmperaturs Maximum liquid water content

in layer clouds .
200 F 0.8 gm/m
o°r ‘ .5 gn/m®
-20° F .25 gm/m®

Date on drop-size distribution as obtained by the rotating~cylindsr
method, although consistent with measurements previously made, wWere
found to be inconsistent with datas on drop-size distribution derived
from the ratio of the meximum diemster to the mean—cffective diemester
when tho meximum dismeter was calculated from the aree of Impingement
on a stationary cylinder. In spite of the inconsistency it is
believed that the data on mesn-effective dlameters ars falrly reliable.

Ames Aeronaufical Laboratory.
National Advisory Committeoe for Aercnautics,
Moffett Field, Calif. Co-
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Figure 1.- Rotating cylinder apparatus used on the C-46 airplane
during icing research in the 1946-47 winter.
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Figure 2.~ Apparatus used to measure the area of drop impingement
installed on the C-46 airplane.
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